The availability of standardized preparations of heparin and their widespread clinical use in the treatment of thromboembolism have prompted us to reinvestigate the action of protamine sulphate on the coagulation of blood and its use as an antagonist to heparin.
For the past three decades the coagulation mechanism of blood has been represented by two equations ( 1 ) An enormous amount of investigative work performed within the past few years has effected numerous modifications in these two equations. The present concept of the coagulation mechanism consists of a system of circulating proteins and other macromolecules exhibiting complex inter-relationships and antagonisms which become imbalanced during the process of coagulation. The results of experiments with individual protein inter-actions call upon the biochemist, physiologist, and clinician for concise interpretation and critical evaluation, and then upon repeated experimentation before conclusions can be accepted as fact for either theoretic or practical consideration. The present investigation of protamine sulphate began as a clinical problem, but it was realized early that interpretation of the results depended upon concepts of the coagulation mechanism which are controversial. The purpose of this paper is to present a series of in vevo and in vitro experiments which extend the existing knowledge of the action of protamine sulphate on the coagulation mechanism.
EFFECTS OF SALMINE ON THE NORMAL CLOTTING MECHANISM
Effects of in vivo injections of protamine sulphate on clotting times of whole blood samples subsequently obtained At the onset of this project, little was known concerning the possible toxic or side reactions of protamine when it was administered intravenously in normal non-heparinized patients.
It has been demonstrated (2) that large doses of protamine administered intravenously in the dog resulted in the formation of multiple thrombi (emboli). In these experiments on humans, therefore, 10 mg. of protamine were initially given and the dose progressively increased to 100 mg. For one hour following the intravenous injection, the blood pressure, pulse, and respiratory rate were recorded at 10-minute intervals. The coagulaton time of the blood was determined by the Lee-White method before injection and at 10, 20, and 60 minutes afterward. Blood specimens were drawn from a three-way stopcock through which a slow intravenous infusion of normal saline was given during the course of the experiments. This was done to minimize the introduction of tissue thromboplastic substance into the test tubes. The stopcock was back washed with normal saline after the withdrawal of blood or the injection of heparin or protamine. The heparin in most instances was administered in the contralateral arm. Twenty seconds after clamping the infusion tube, a saline washed 5 ml. syringe was filled with blood and a stop watch started. Three saline rinsed 11 mm. test tubes were immediately filled with 1 ml. of blood. Coagulation was complete in each tube when the blood failed to flow on tilting with light tapping. The clotting times of the second and third tubes were averaged for recording. All determinations of clotting time were performed by the same technician. Results of these experiments are shown in Table I .
Topical application of protamine
Two dogs were anesthetized with intravenous sodium pentobarbital and areas 1 cm. square were abraded on the skin, liver, gastric serosa and mu-1451 Fibrinogen-thrombin mixtures Ferguson (4) previously pointed out a clot-accelerating effect of protamine when it was incubated with thrombin prior to the addition of fibrinogen. His work was corroborated. Experiments were then instituted to determine the effect of protamine on thrombin-fibrinogen mixtures in the presence of inactivated serum. Serum was inactivated by heating to 560 C. for 10 minutes in a water bath. Following inactivation, the serum was tested for fibrinogen, thrombin, and prothrombin by adding respectively thrombin, fibrinogen, and a mixture of calcium chloride, thromboplastin, and fibri- Table III ) had a decided anticoagulant effect. In these two latter tubes, the ratio of protamine to fibrinogen was 2.4: 1 and 3.6: 1, and it will be shown that the inactivation of fibrinogen by the protamine produced this anticoagulant action.
Fibrinogen precipitation Jaques (6) has shown that the protamineheparin complex behaves according to the law of mass action, and he was able to demonstrate an equivalence point using whole dog blood. An excess of either heparin or protamine caused prolongation of the clotting time. The antithrombic (7-9) and antiprothrombic (10) action of heparin in the presence of a cofactor has been demonstrated, but the clot-decelerating action of protamine in whole blood is less well understood. According to Mylon et al. (11) , protamine will precipitate plasma fibrinogen, and they suggested that its principal anticoagulant effect obtains by means of this precipitation. Protamine in concentrations of 1.5 mg., and 10 mg./ml. of plasma will precipitate 80 per cent and 100 per cent of the plasma fibrinogen respectively. In order to study this effect, the experiment displayed in Table  IV Table V . The approximate ratio of protamine to fibrinogen for complete inactivation in reaction 1, Table  IV , was .7: 1, while in the presence of serum the ratio is 1.25: 1. Similarly, in plasma, the ratio is 2.5: 1 (11) . The ratio for whole blood has not been determined, but from the protamine to heparin titration tables, it appears that in tubes containing a protamine excess insufficient to inactivate all the fibrinogen the anticoagulant action could not be dependent on the partial inactivation of fibrinogen, since the clotting time is not necessarily a function of fibrinogen concentration. It will later be shown that the tubes containing a slight excess of protamine will not clot on addition of fibrinogen. Thus it was felt that the inactiva-tion of fibrinogen was not the only acting anticoagulant action of protamine sulphate.
The above reactions were obtained with inactivated and active serum. The serum used did not clot within 20 minutes on addition of thromboplastin, calcium, and fibrinogen. Dissociation of the protamine-fibrinogen complex did not occur in solutions of thromboplastin or calcium chloride.
Character of the anticoagulant action of protamine, with special reference to antithromboplastic effects Protamine may act as an antithromboplastin (12, 13) or an antiprothrombin (4, 12) . To investigate these actions a series of in vitro experiments were carried out using whole blood. A quantity of protamine was used that would produce less than complete fibrinogen inactivation (Table VI) .
Inactivation of the fibrinogen did not prevent clotting of the mixture of blood, sodium chloride, and protamine in tube 2 (Table VI) because the addition of an excess of fibrinogen in tube 3 had no significant effect. Further, the appearance of a normal fibrin clot in tubes 4 and 6 after the addition of thrombin showed that quantities of fibrinogen adequate for normal coagulation were present in solution. The results in tubes 7-12 indicated protamine. that protamine interfered with the conversion of prothrombin to thrombin except in the presence of an excess amount of thromboplastin. The conversion of prothrombin to thrombin is inhibited but not destroyed.
PROTAMINE-HEPARIN ANTAGONISMS
The treatment of thromboembolism with heparin is widely accepted at the present time. Although serious accidents from injudicious use of heparin are decidedly uncommon, they do occur and will become more frequent as heparin is more generally used and as preparations prolonging the anticoagulant effect of heparin are developed. Chargaff and Olsen (14) , who reported the neutralization of heparin by protamine in 1937, recognized its potential clinical application, but until recently protamine has been used more in experimental than clinical medicine.
The toxicity of large intravenous doses of protamine has been demonstrated in rabbits (15) Figure 1 .
Protamine-heparin neutralization in whole blood
In order to verify the protamine-heparin ratio and investigate further the anticoagulant properties of protamine in vitro, titrations were carried out using normal blood. The same patient was used in all experiments.
Heparin, protamine, and normal saline were placed in a clean dry test tube. Two ml. of freshly drawn blood were added to each tube and the clotting time determined by formation of a visible clot in the cork-stoppered tubes. At low heparin and protamine concentrations, the end point of coagulation was readily apparent, but in high concentrations some clot formation was evident before the entire solution was coagulated. The stop watch was started when blood first appeared in the syringe. Table  VII shows the titrations.
The protamine-heparin ratio at neutralization is somewhat higher in the more concentrated mixtures, Titrations No. 2 Effects of protamine on heparin plus the serum heparin cofactor, tested on thrombin-fibrogen mixtures in vitro Experiments were carried out to determine the protamine-heparin ratio that would effect neutralization of the latter in the presence of the serum heparin cofactor. A thrombin-fibrinogen mixture was used. Inactivated serum, previously referred to, was used in order to eliminate any antiprothrombin, antithromboplastic, or fibrinogen inactivating effect of the protamine. Serum inactivated by heating at 560 C. for 10 minutes does not lose significant amounts of its heparin cofactor activity (5) . Titrations are shown in Table VIII and Figure 2 .
The addition of the protamine to the heparin first or to the serum first did not alter the final clotting times. Under normal circumstances over 90 per cent of the thrombin incubated with the serum and heparin will be destroyed in five minutes (5) . The coagulation time of the system depends, in the absence of protamine, on the thrombin remaining after its partial destruction by the antithrombic activity of serum cofactor activated by heparin. An 18: 1 ratio of protamine to 
DISCUSSION
There has been no observation in the literature to the effect that the intravenous administration of protamine will produce a shortening of the clotting time of the blood. Chargaff (14) reported that he was able to confirm the observation of Waldschmidt-Leitz and collaborators (22) that protamine had an inhibiting effect on blood clotting 1456 .l8 .20 in vitro, but in dogs intravenous doses up to 11 mg./kg. failed to show any deviation of the clotting time from controls. Chargaff (23) later found that protamine did not alter the coagulation time of chicken plasma. Jaques (6) added protamine (.017 to 1.0 mg.) to 1 ml. of dog blood and demonstrated an anticoagulant effect with the higher concentrations. Cowley and Lam (20) reported a decreased coagulation time in a dog 30 minutes following 200 mg. of protamine, but no such effect was encountered with smaller quantities of protamine. The results of the experiments reported in this paper show a slight clot-accelerating "tendency" after the intravenous administration of protamine. Although the clotting times were performed with the utmost care in all experiments, it is our belief that technical variations account for the difference in clotting times between the controls and the protamine experiments. The only conclusion that can be arrived at, in accordance with the views of other investigators in this field, is that the intravenous administration of protamine has no clot-accelerating action in the absence of heparin.
The clot-decelerating effect of protamine on whole blood in vitro was demonstrated in Table  II . In these experiments, there was no significant effect on the addition of protamine as long as the concentration of protamine corresponded to that found in whole blood after the intravenous administration of 100 mg. or less. As the protamine concentration in vitro is increased, however, there is a progressive prolongation of the clotting time. Although protamine in sufficient concentration will prevent clot formation by inactivating fibrinogen, the progressive prolongation of the clotting time in these experiments was not due to such inactivation since in few of the tests did the concentration of protamine in 2 ml. of whole blood attain high enough values. Since the rapidity with which coagulation occurs depends to a great extent on the amount of thrombin present, it appears that the anticoagulant effect of the protamine in these experiments was due to impaired thrombin formation.
Mylon, Winternitz, and de Silt6-Nagy (11) demonstrated that protamine will precipitate fibrinogen. The experiments performed and indicated in Tables IV and V demonstrate that protamine precipitates fibrinogen but in addition forms a soluble fibrinogen-protamine complex that in the presence of inactivated serum makes available sufficient fibrinogen to allow coagulation on the addition of thrombin. When the concentration of protamine is increased, dissociation of the fibrinogen-protamine complex is inhibited and coagulation prevented. When referring to the effect of protamine on the second stage of coagulation, we prefer to use the term "protamine inactivating effect on fibrinogen" rather than "protamine precipitating effect."
Experiments listed in Table VI suggest that protamine interferes with the conversion of prothrombin to thrombin in whole blood except in the presence of an excess amount of thromboplastin. Tubes 2, 7, 8, and 12 indicate that the interference with the conversion of prothrombin to thrombin by the protamine is not an antithromboplastic effect. Conclusions beyond these cannot be drawn without determining the effect of protamine on a clotting system containing purified prothrombin. The in vivo effect of protamine on heparinized patients duplicated the results of previously reported observations by others and needs no comment. It should be stated, however, that any clinician using protamine to neutralize heparin in vivo should be thoroughly acquainted with the character and strength of the protamine preparation he is utilizing. Preparations may vary considerably in their capacity to neutralize heparin. It also appears that the neutralization of a certain quantity of heparin in vivo may require considerably less protamine than is necessary for neutralization in vitro.
The neutralization of heparin by protamine in whole blood in vitro is listed in Table VII The neutralization of heparin was also determined in an isolated clotting system containing fibrinogen, thrombin, the serum heparin cofactor, heparin, protamine, and saline (Table VIII) . Neutralization was complete at a protamineheparin ratio of 20: 1, which agrees satisfactorily with the 18: 1 ratio observed in whole blood (Table VII) . It is apparent from the observa-tions made in these experiments plus those made from the same isolated system without the addition of heparin that protamine has no significant effect upon the heparin cofactor.
SUMMARY
